The Future Circular Collider (FCC) is a crucial step forward to study new Physics beyond the standard model and to test fundamental aspects as space-time minimal length and Lorentz violations. As an example, a possible enhancement of e + e − pair production due to non-commutative effects, catalyzed by the huge magnetic field produced at the beginning of a heavy ion collison at FCC, is discussed. In noncommutative electrodynamics a free photon in the magnetic background can produce a e + e − pair. In particular for hard photons with transverse energy 100 − 600 GeV at the beginning of the collision and for a particular kinematical setting of the pair , i.e. large total transverse momentum in the reaction plane and invariant mass in the range 200 − 400 MeV, the non-commutative contribution, evaluated with the present bound of the non-commuativity fundamental area , can be significant. Other, more exotic, possible signatures of space-time non-commutativity are also considered.
INTRODUCTION
The feasibility and potential role for new discoveries of a pp collider at 100 TeV, the future circular collider (FCC), is currently under investigation [1] [2] [3] with the mail goal to study supersymmetry, dark matter, new bosonic and fermionic resonances and the formation and properties of quark -gluon plasma in heavy ion collisions at very high energy, √ s N N ≃ 39 TeV [4] .
The FCC proposal is certainly fascinating and this letter is a brief appendix to the previous studies [1] [2] [3] [4] to recall that by FCC one can discover not only new phenomena in particle Physics but test some fundamental aspects as space-time non-commutativity [5] [6] [7] and violations of Lorentz invariance.
For the specific case considered here, this possibility relies on the huge magnetic field produced in a non-central relativistic heavy ion collisions [8] [9] [10] [11] . Indeed it has been shown [8] [9] [10] [11] that at RHIC energy is possible to reach strong magnetic field, B ≃ m 2 π GeV 2 , at the beginning of a very peripheral nucleus-nucleus collision and the generated magnetic field can be approximately written as
(1)
and
where b is the impact factor, Y is the beam rapidity and Z, α EM = 1/137 describe the electromagnetic coupling. For Au-Au (Z = 79) at LHC ( √ s = 5.6 TeV) and at FCC ( √ s = 39 TeV) one has respectively Y = 9.38, 11.33, τ = 8.35 * 10 −4 , 1.2 * 10 −4 fm and B 0 = 10.7, 74.4 GeV 2 for b = 10 fm. Therefore at the beginning of the collision at FCC there is a huge magnetic field, order of magnitudes larger than the magnetar ones, with the time dependence in eq.(1). Some phenomenological consequences of the initial magnetic field have been investigated in ref. [8] [9] [10] [12] [13] [14] . For the present analysis, one has to recall that a strong magnetic background field catalyzes the effects of a fundamental length, i.e. a space-time non-commutativity described, for example, by the commutation relations [5] [6] [7] [
where Θ µ,ν is a set of fixed (anti-symmetric) parameters. To preserve the unitarity of field theories in non-commutative space-time one assumes that Θ 0i = 0 for i = 1, 2, 3 and therefore the non-commutative parameters can be characterized by a vector θ according to the relation Θ ij = ǫ ijk θ k . It should be clarified that space-time noncommutativity can be implemented with algebraic structures different from eq.(4), preserving for example the the Lorentz algebra through the introduction of dilated generators [15] , and that non-commutativity is not limited to spacetime coordinates but can be studied in full phase space (see [16, 17] for recent analyses).
By considering the canonical formulation of non-commutativity in eq.(4), the corresponding non-commutative electrodynamics (NCED) has been studied in ref. [18] and the most interesting aspect is the deformation of the dispersion relation. In particular, in NCED one can exactly show [18] that plane waves exist and, while those propagating along the direction of a background magnetic field B still travel at the usual speed of light, those which propagate transversely to B have a modified dispersion relation between energy, ω and momentum, k, given by
Many phenomenological consequences of NCED have been studied [19] [20] [21] [22] on the basis of the modified lagrangian
with Indeed, by previous equation, a free noncommutative photon with energy E γ can produce a e + e − pair [27] if the magnetic background is such that
where p γ , p + and p − are the four momenta of γ, of e + and of e − , respectively. By assuming the most favorable condition −( θ T · B T ) = +θB (more on this point in subsection 2c), with the present bound on θ one needs, at the beginning of the collision, a (noncommutative) photon with energy of about 1 − 2 GeV at FCC and LHC to produce a e + e − pair at threshold. On the other hand, since B is a function of time, the e + e − invariant mass m e + e − depends on the γ production time, i.e.
, where B(t) and E γ have been expressed in GeV unit. In fig.1 it is shown the time to reach the threshold for photons with different energies at LHC and FCC. The non-commutative contribution can only come from hard parton scatterings at the beginning of the collision where the tem-perature and density effects of the quark gluon plasma are negligible.
THE EXPERIMENTAL SIGNATURES a. Signal to background ratio for large transverse momentum pairs Fig. 1 concerns the most favorable case and since the magnetic field produced in the collisions is, event by event, orthogonal to the reaction plane [9] , the non-commutative effects are maximized when the energy of the photon is in the reaction plane. Therefore the best signature for FCC is a increase of pair production with a very large total transverse energy in the reaction plane, between 100 and 600 GeV, to produce a detectable invariant mass m e + e − in the range 100 − 400 MeV (see fig.1 ).
Let us try a rough estimate of this enhancement with respect to the background in peripheral collisions [28] given by the Compton-like quark-gluon scattering where a quasi real photon γ * decays in e + e − and by the Dalitz decay, π 0 → γe + e − , where π 0 are produced via gluon scatterings.
In the invariant mass range 0.2 < m e + e − < 0.4 GeV one gets rid of the π 0 background, since the lepton pairs from Dalitz decays of π 0 are below this mass range, and one stays below the ρ, ω, φ → e + e − threshold. Therefore the noncommutative contribution is essentially equal to the standard model calculation [30] (for noncommutative photons there are only minor perturbative, non-commutative, correction to the differential cross section [7] , the main effect being the modification of the theshold)) and one expects to double the number of lepton pairs at large transverse momentum in this mass range.
For lower invariant mass, i.e. m e + e − < 0.2 GeV, the contribution due to γ * → e + e − can be evaluated by the differential cross section for prompt real photon times the kinematical factor α ln[M 2 max /(4m 2 e )]/3π [29, 30] where M max is the largest invariant mass allowed. The same method can be applied to evaluate the e + e − pairs produced by the non -commutative photon. Concerning the π 0 contribution, its differential cross section can be evaluated by taking into account the branching ratio B(π 0 → γe + e − /π 0 → γγ) ≃ 0.012 [31] and that for E γ T ≥ 50GeV the π 0 → γγ differential cross section, for Pb-Pb collision at √ s = 5.5 Tev, is essentially the same as the prompt real photon one [30] . Therefore the total differential cross section includes three contributions, the two standard effects (SB) just mentioned and the noncommutative one, all proportional to the prompt real photon cross section. The ratio non-commutative signal to SB can be written as N tot /N SB = 1 + K N C where N is the number of e + e − pairs and K N C is given by
where M 2 max has been identified with
At FCC , at the beginning of a gold-gold collision, B = 74.4 GeV 2 and for E γ = p γ T = 100 GeV, the correction ( in the most favorable case) turns out K N C = 0.38, i.e. a detectable enhancement of e + e − pair production.
However, the non-commutative correction has a time dependence, due to the fast decrease of the magnetic field, and it is less than 10% after 0.4 fm (see fig.2 ).
b. Comparison with proton-proton
In proton-proton (pp) collisions there is no magnetic field and therefore the ratio between the number of produced e + e− pairs in heavy ion and pp scatterings, with the same setting, i.e. large transverse energy in the reaction plane and small invariant mass, gives a signature of the non-commutative effects. Indeed , since one considers a very peripheral collision the nuclear modifications of the initial parton distributions are small, according to the local shadowing [32, 33] idea. 
c. Periodicity of the non-commutative signatures
In the previous discussions the most favorable condition has been considered, which implies that the transverse component of the noncommutative vector parameter θ with respect to the photon momentum is parallel to the background field, i.e. it is orthogonal to the reaction plane. According to ref. [12] , this aspect would require a correlation analysis, however there is a specific property of non-commutativity that could lead to a unique signature.
Defining the laboratory frame, say (x,ŷ,ẑ), in such a way that the reaction plane corresponds to thex −ŷ plane, the magnetic field B is produced in theẑ direction [9] . The noncommutative effect is enhanced if the magnetic field transverse to the direction of the momentum of the photon is maximum and then one has to focus on the reaction plane with large transverse momentum γ.
On the other hand, the vector θ is fixed in a non-rotating frame, denoted by (X,Ŷ ,Ẑ), whereas the component θ z used in the most favorable condition is defined in the previously introduced frame.
Since this frame, at fixed reaction plane, rotates with the earth, this component changes in time with the periodicity that depends on the earth's sidereal rotation frequency Ω.
By following the choice in [24, 34] , one can take theẐ direction of the non-rotating frame coincident with the rotation axis of the earth andX andŶ with specific fixed celestial equatorial coordinates. Then, by indicating with (θ X , θ Y , θ Z ) the components of the noncommutative parameter in the non-rotating frame, one gets the explicit time dependence of θ z [34] θ z = (sin χ cos Ωt) θ X +(sin χ sin Ωt) θ Y +cos χ θ Z (9) where χ is the non-vanishing timeindependent angle between the two axesẐ andẑ. The oscillation in θ z disappears in the peculiar case of θ coincident with the earth rotation axis (i.e. θ = θ Z and therefore θ z = cos χ | θ|) whereas it is maximal if θ lies in the equatorial plane.
Apart from the unlikely case θ = θ Z , Eq. (9) clearly shows the oscillating structure of the product ( θ T · B T ) which appears in Eq. (7) and which, for photons considered above, reduces to the product θ z B.
Then the last signature of a nonzero θ we are able to identify is a periodicity with frequency Ω in the number of pairs produced at fixed reaction plane.
CONCLUSIONS
The FCC is a crucial step forward not only to study new Physics beyond the standard model but also to test fundamental aspects as spacetime non-commutativity and Lorentz violation. In here, as an example, a possible enhamcement of e + e − pair production due to non-commutative effect, catalyzed by the huge magnetic field produced at the beginning of a heavy ion collision at FCC, is suggested in a particular kinematical setting: large total transverse momentum in the reaction plane and invariant mass in the rangge 100 − 400 MeV. As discussed this requires a production of hard photons with energy 300 − 600 GeV at the beginning of the collision. More generally, the magnetic background field could enhance the phenomenological effects of the violation of Lorentz invariance and/or of a minimal lenght.
